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Song control circuit in passerine birds is well identified (Fig. 1) . Real time song production is controlled by the posterior pathway (Nottebohm et al. 1976) . Bilateral lesion of nucleus HVc or RA resulted in degraded songs in all the species studied to date (e.g., Scharff & Nottebohm 1991 , Okanoya 1997 ).
On the other hand, lesioning a nucleus in the anterior pathway (LMAN) did not result in real time degradation in adult song, but resulted in severely deteriorated song when lesioned as young (Bottjer et al. 1984) .
The volumes of song control nuclei in the posterior pathway are sexually dimorphic (reviewed in MacDougall-Shackelton & Ball 1999) and the degree of sexual dimorphism is, in general, correlated with the sexual dimorphism in song behavior (but see Gahr et al. 1998 ). On the other hand, few studies compared the volume of song control nuclei in the anterior pathway in males and females. In general, area X is totally absent but LMAN could be identified in female birds (Bengalese finches Lonchura striata; Okanoya 1997, Cowbirds Molothrus ater; Hamilton et al. 1997) . In fact, the volume of LMAN was not sexually dimorphic in these studies (Okanoya 1997 , Hamilton et al. 1998 . Metabolic activity as measured by cytochrome oxydase histochemistry (Okanoya 1997) also resulted in no sex differences in this nucleus. These results produced an idea that the anterior pathway may be related with song perception rather than song production. Such idea, in turn, also reinforced the dogma that the posterior pathway is mainly for song production. In the following sections, we examined the relationships between song complexity, song selectivity, and both of the brain pathways in male and female songbirds. These results suggest that volumetric studies may be very difficult when dealing with small individual differences. In the study by Szekely et al. (1996) the eight species of warblers differed in the repertoire size as much as 1 to 100. On the other hand, the study by MacDougall-Shackelton et al.
(1998a) used sixteen zebra finches whose repertoire size (actually, element types) ranged from 2 to 7. Thus, in order to show volumetric correlation between HVc and song complexity, we need to find a species that has sufficiently large (around 100 fold) individual differences in song complexity.
2) Song perception in females
In many temperate species of songbirds, only males sing. In females of these species, the posterior pathway is either very small or totally missing. In some species of songbirds including the canary Serinus canarius, however, females sometimes develop rudiment of songs. Brenowitz (1991) showed that lesions placed in HVC of female canaries disrupt conspecific song selectivity measured by the copulation solicitation display (CSD) assay. A similar experiment was conducted by MacDougall-Shackelton et al. (1998b) but results were quite different. They examined song selectivity in female zebra finches with the CSD assay. In this species, the anterior pathway in females is much smaller. When HVc was lesioned, no effect was observed. But when the caudal part of the hyperstriatum ventrale (cHv) was lesioned, the birds lost selectivity.
THE ANTERIOR PATHWAY 1) Song production in males
Few studies focused on the anterior pathway and song production.
The work by MacDougall-Shackelton et al. (1998a) mentioned previously also measured volumes of LMAN and Area X. In his study, the only significant correlation found was between the LMAN volume and the number of elements, but the correlation between them was negative. Thus, the more lMAN volume the bird had, the fewer song elements he sang.
Although not directly related with song complexity measures, Hamilton et al. (1998) found a negative correlation between the volume of Area X and song rates and song potency in brown-headed cowbirds. Song potency here was an average number of courtship displays emitted by females to each song. Thus, in this study, a male bird with smaller Area X was singing a song that Kazuo OKANOYA Vol.49 No.2 could stimulate females more effectively. Several other studies, however, did not find such correlations.
In the study by Szekely et al. (1996) mentioned above, they did not find a significant correlation between the nucleus volume of the anterior forebrain pathway and syllable repertoire size in eight species of closely related warblers.
2) Song discrimination in males and song selection in females In male zebra finches, lesioning Area X (Scharff et al. 1998) (Mello et al. 1992 ). Immediate early genes are expressed when novel events that require neural modifications occur. When the same song was played several times, the expression of zenk decreased, but when another song was played, that resumed in the brain of male zebra finches (Mello et al. 1995) . This phenomenon could be used as a marker of neural events in the songbird brain. Further studies confirmed that the gene expression occurs both in males and in females.
In the NCM, neurons that responded to the playback of conspecific songs were found both in females and males (Chew et al. 1996) . In both sexes these neurons stopped responding after several presentations of the same song but resumed responding when the reversal of the same song was played (Chew et al. 1996) . In female European starlings Sturnus vulgaris, zenk expression was correlated with stimulus song bout length (Gentner et al. 1998) . When stimulated with longer song bouts of a male starling, NCM in females expressed more ZENK protein (protein synthesized by zenk gene) than when stimulated with shorter song bouts. Thus the NCM may also be a target region to study brain correlates of song selectivity in females.
2) Hypothalamus
Cheng et al. (1998) organization of the two-note coo calls. This work suggested that feature detection for species-specific calls might also occur in the hypothalamus. If this was true for songbirds as well, song selectivity as measured by the CSD assay might not require processing in the telencephalon. Although no data equivalent to this have been reported in the songbird brain, we need to reserve the possibility that some judgment on the song quality could also be done by extratelencephalic areas. CONCLUSION 1) Perspectives in the study of female song perception When perception is concerned, only one published report (Hamilton et al. 1997 ) is available and that showed within-species correlation between song selectivity and a nucleus volume in females of the brownheaded cowbird. Apparently, more studies with different species of birds are necessary to establish that the selection itself is a cost for females.
It is interesting
to note, as long as the anterior pathway is concernsed, that data on males showed negative correlations between song complexity and volume of the nuclei, but the data on females showed positive correlation between song selection scores and volumetric results. At a glance, these data look quite contradictory.
Operant conditioning results support the veiw that the anterior pathway might be important in making perceptual discriminations in males too. How would all of this information be put together? Obviously, these are questions to be addressed in future studies.
2) Problems with correlative studies
Between species comparisons showed that when song production is concerned, song complexity might require more brain spaces (DeVoogd et al. 1993 , Szekely et al. 1996 . However, to show that song production is in fact a sexually selected trait, we do need to show a correlation between the volume of a song control nucleus and song complexity within single species. This has been difficult because of a lower range of individual variations of song complexity and higher degree of uncertainty associated with the processing the brain tissue.
Two problems are obvious. First, we need to increase accuracy of volumetric measurements. Since HVc is located on the dorsal edge of the telencephalon, making accurate sections without deforming is very difficult Embedding procedures and slicing procedures might need more refinement. One possibility is to process the brain without removing it from the skull. Of course, the volumetric measurement is not the only index for the brain cost. Metabolic requirement of the specific region relative to others would also be an index of interest. The definition of "song complexity" is also confusing. In a majority of the studies, song complexity simply referred to the number of identifiable song units (elements, syllables, motives, repertoires). However, songs could also be different in the ordering of the units. For example, when we compared the number of song elements in Bengalese finches (Lonchura striata var. domestica) and their wild strain, white-backed munias (Lonchura striata), we found no difference between the two, but the way the song elements were ordered differed (Honda & Okanoya 1999) In this way, a song can be more "complex'' than the other even if they have the same number of elements. Such parameters should also be considered when assessing song complexity. However, caution should be paid to examine whether females of the species are paying attention to such parameters. 
